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ABSTRACT

A model of the tongue musculature is introduced
which is based on the Equilibrium Point Hypothesis
(A model). The model is fitted to mid-sagittal cinera-
diographic data in order to extract muscles synergies
through a Principal Component Analysis. An assess-
ment of the effects of this commands on tongue shape
is done, showing how the degrees of freedom of tongue
profile relate to the biomechanical substrate.

1. INTRODUCTION
1.1. Background

The tongue is one of the most important articulators
involved in speech production. Indeed, it is the main
contributor to the shaping of the oral cavities and
consequently to the acoustical outcome. Among the
large amount of previous studies concerning tongue
control, many of them focused on statistical descrip-
tions of its shape during speech movements (e.g.
Maeda 1988). The tongue musculature system is
highly complicated and those studies do not provide
any clue to understand both (i) how the degrees of
freedom of tongue shape relates to the biomechanical
substrate, and (ii) how the Central Nervous System
(CNS) organizes muscle commands in order to pro-
duce movements in those degrees of freedom.

These same issues were recently addressed in the
case of the jaw/hyoid system (Laboissiére, Ostry, and
Feldman 1995), for which the mechanical degrees of
freedom are easily identifiable (translation and rota-
tion of the bony parts). Unlike the jaw and the hyoid
bone, the tongue is a non-rigid body and the number
of mechanical degrees of freedom is much higher than
the number of functional degrees of freedom obtained
from the statistical analysis of tongue shape. Our
main goal in the present work is to understand how
those functional degrees of freedom are expressed as
specific muscle synergies.
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1.2. The ) model

We propose to address those questions in the frame-
work of the motor control scheme known as A model
Feldman (1986), a computationally powerful and bi-
ologically plausible version of the Equilibrium-Point
(EP) hypothesis of motor control.

The central point in the A model is that the CNS
does not directly specify the degree of muscle activa-
tion, but indeed establishes a threshold muscle length
(A), at which motoneuron recruitment begins; this
hypothesis is based on empirical in vivo observations
suggesting that, in intact muscles, the relationship
between length and force is described by a family of
length-tension curves—the so-called Invariant Char-
acteristics (ICs)—each characterized by a different
rest length, A.

Each A command can be written (see Fig. 1) as
the difference between a reciprocal (R) and a coac-
tivation (C) command, respectively responsible for
(almost) independently specifying a desired muscle
length, I = I* (in fact R = I*), and a desired mus-
cle force, far = fr; (which is proportional to C');
therefore, by changing A the CNS may produce ei-
ther motion to a new equilibrium position or increase
in muscle activation and force.

muscle force

Jar

Figure 1: Invariant Characteristic. Reciprocal (R) and
Coactivation (C) commands corresponding to { = * and

far = fir
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From a computational point of view, the most dis-
tinctive feature of the A model is the key role as-
signed to geometric/kinematic variables in the cen-
tral control of movements; a desired posture of the
body is specified by setting each A to the correspond-
ing muscle length, . This is known as the principle
of anatomical correspondence and provides a natural
solution of the excess of degrees of freedom problem:
given a desired equilibrium configuration, 4, for each
muscle the corresponding command is A = { = £(%).

In other words, the A commands (one for each mus-
cle) are entirely specified by a smaller number of vari-
ables, @, which define a desired equilibrium posture
and are referred by Feldman (1995) as control vari-
ables (CVs).

Moreover, the model predicts that specific knowl-
edge of muscle behavior (with their complex dynam-
ics) is not required at central level, therefore the prob-
lem of specifying body postures in terms of control
variables is greatly simplified, and made independent
from the related problem of specifying, through C,
the postural behavior.

Even if the presence of stretch reflexes in the hu-
man tongue has not yet been demonstrated (Neilson,
Andrews, Guitar, and Quinn 1979), some neurophys-
iological data support the idea of a control model
based on the EP Hypothesis. Indeed, a great den-
sity of muscle spindles has been found in parts of the
tongue that require fine adjustment in the produc-
tion of complex articulations (Cooper 1953; Walker
and Rajagopal 1959). As spindles can convey pro-
prioceptive feedback, this could support Feldman’s
theory.

2. METHODS

2.1. Model overview

The proposed model of the human tongue is based on
the previous work of Perkell (1976). The geometry of
the mid-sagittal section of the tongue is represented
by a lattice of 16 mass-bearing points, or nodes; con-
nected to each other, as well as to the mandible, the
hyoid bone and the upper skull, by elastic elements
(see Fig. 4). The directions of those elastic elements
reflect the arrangement of the main tongue muscle
fibers, namely the styloglossus, the genioglossi, the
hyoglossus, the verticalis and the longitudinalis. The
main differences between Perkell’s model and ours are
the following:

e The force generating mechanism is based on the
A model in our case.

e We did not include the palatoglossus and the
pharyngeal constrictors because, in spite of the
fact that they are attached to the tongue, they
contribute mainly to move other tissues (velum
and pharyngeal walls, respectively).

e We did not consider the mylohyoid, because it 1s
not a tongue muscle. Actually, it is attached to
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the hyoid bone and the jaw, contributing indi-
rectly to tongue lowering/rising.

e We changed the geometry in order to adapt
the model to the anatomy of the speaker with
whom the cineradiographic database was ob-
tained (Bothorel, Simon, Wioland, and Zerling
1986).

The bony parts (i.e. the mandible and the hyoid
bone) can move in both horizontal and vertical di-
rections (no rotation is allowed) and, as we are in-
terested only on the tongue musculature, we assume
that their positions are imposed to the model. Soft
tissues are accounted for as muscular hydrostats (Kier
and Smith 1985; Kier and Smith 1989), by assuming
that variations of mid-sagittal tongue area is negligi-
ble, such that the area of each region of the lattice is
preserved. This is true only as a first approximation,
because only volume is expected to be conserved.

Figure 2: Schematics of the model superposed to a sagit-
tal tracing of an X-ray frame. The flesh points are rep-
resented as smaller filled circles and the origin points for
the tongue muscles are represented as bigger circles. The
jaw and hyoid are represented schematically and the 3 std
ellipses of dispersion for their positions are shown in gray.

2.2. Fitting procedure

A fitting procedure has been applied to a corpus
of 519 mid-sagittal X-ray images (therefore called
frames) of a French speaker uttering ten sentences
which are phonetically equilibrated (Bothorel, Simon,
Wioland, and Zerling 1986). We assume that this
database is representative of all possible configura-
tions of the tongue. Tongue profiles were obtained by
hand from each 20-ms frame.

As the problem of finding flesh-point position from
the tongue profile is ill-posed, it was solved by means
of a regularization procedure based on both (i) an
intra-frame, or spatial constraint (namely the mid-
sagittal area conservation); and (ii) an inter-frame,
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or temporal constraint by requiring that the change
in length of the elastic segments from one frame to
the next should be minimum. The goal was to fit the
tongue model contour to the tongue profile by esti-
mating the “best” placement of the flesh points. The
jaw and hyoid were fixed for each frame, its positions
being directly extracted from the X-ray image.

The fitting procedure yields a set of lengths for the
elastic segments in each frame, and according to the
principle of anatomical correspondence they will be
taken as the A commands for the associated segments.
The algorithm of the fitting procedure is shown in
Fig. 3.

for each frame do
take the previous fitted flesh-point positions as a starting
configuration

change the origin positions for the muscles attached to
the hyoid bone and the jaw

set the position of the flesh-points corresponding to the
superior part of the tongue to the closest points on
the new tongue profile (spline approximation)

compute the position of the flesh-points inside the tongue
and on the superior part (they can slide along the
tongue profile) satisfying (i) and (ii)
end for

Figure 3: Algorithm for the fitting procedure

3. RESULTS
3.1. The concept of control variables

From the mechanical point of view, the human tongue
has an infinite number degrees of freedom, but tongue
movements observed in normal speech appear to sat-
isfy some kind of functional constraint that is not
merely anatomical, but must be somehow related to
the nature of the task. This has led to the hypoth-
esis that vocal tract shape is determined by a small
number of independently controlled components or
articulators, whose exact nature has been long de-
bated (Maeda 1990).

In terms of the A-model, the control variables are
indeed a set of ‘articulators’ that, different from para-
metric or geometrical models, have a very precise
biological substrate at the control level. Therefore,
the investigation of number and nature of the control
variables of the tongue can provide a set of elemen-
tary gestures that have a cognitive significance, and
may suggest how vocal tract shapes might be inter-
nally represented by the CNS.

3.2. Principal Component Analysis of muscle
commands

It should be noted that the problem of identifying the
CVs is still ill-posed, because there are infinite ways
to define a mapping £(#@) such that A = I = £(&),
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but it is reasonable to assume that tongue configura-
tions are represented by the CNS so that the result-
ing mapping between CVs and the A;s is as ‘simple’
as possible; in particular, we will hypothesize a lin-
ear mapping between the CV space and the A space,
e A~ L -+ ly. The best linear approximation of
the X is provided by a Principal Component Analysis
(PCA), corresponding to setting the columns of L to
be the eigenvectors of the covariance matrix of the set
of muscle lengths l_: that can be estimated from the
experimental data.

Before performing the PCA in the raw A data,
we did a linear regression in order to extract the
contribution of the horizontal and vertical positions
of both the hyoid and the jaw onto the As. This
means that jaw and hyoid movements are expressed
in terms of tongue muscle synergies in our model. Ex-
plicit changes of position of the bony parts reflect in
changes in the muscle commands.

The PCA is then applied to the residual of the A
data after the extraction of jaw and hyoid contribu-
tion. The percentage of explanation of the variance
of the whole data for each component is shown in ta-
ble 1. We can see that the jaw and hyoid commands
are responsible for 32.2% of the variance at the level
of muscle commands. Of the 67.8% of residual vari-
ance, the four first principal components of the tongue
are responsible for 83% of explanation. Only 11% of
variance of the fitted A data is not explained by the
8 components.

component total residual
Jaw 1

nd
ﬁy"(‘;ij o 32.2% (32.2%) - -
Hyoid 2
Tongue 1% 26.8% (59 %) 39.5% (39.5%)
Tongue 2" 18.6% (77.6%) 27.5% (67 %)
Tongue 3" 8 % (85.6%) 11.8% (78.8%)
Tongue 4t 3.4% (89 %) 5.0% (83.8%)

Table 1: Percentage of variance explanation for each com-
ponent from the PCA. (Percentages between parentheses
stand for cumulative sums)

3.3. Effect of PCA commands on the tongue
shape

In order to assess how the components obtained by
the PCA affect the tongue shape we did simulations
with the model including the muscle model. The prin-
ciple of our simulation is very close to the Passive Mo-
tion Paradigm introduced by Morasso and Sanguineti
(1991). Indeed, we applied the lambda commands to
the model and by minimization of the potential elastic
energy under the constraint of conservation of sagittal
area, we find the equilibrium position. The results of
the application of each component is shown in Fig. 4.
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Figure 4: Effect of the commands on the tongue shape for —3, 0, and +3 standard deviations.

4. DISCUSSION

From the results shown in Fig. 4 we concluded that
it is possible to associate each of the components
obtained from the PCA with the main articulators
used to describe tongue motion, namely tongue dor-
sum (arched/flattened), fongue body (front/back),
and tongue tip (raised/lowered-bunched and for-
ward/backward). The effects of our PCA commands
are quite close to the effects of the commands ob-
tained by Maeda (1988) using a statistical analysis of
the tongue profile. This result suggests that (i) the
main functional degrees of freedom may emerge from
how the system is structured at the biomechanical
level and (ii) that the CNS can use a simple strategy
(invariant changes of As) in order to achieve move-
ment along those degrees of freedom. We believe
that the information on length of segments obtained
through proprioceptive feedback is crucial for plan-
ning movements of the tongue, supporting thus the
validity of the A model as a motor control principle.

As a suggestion for further work, it would be inter-
esting to group some elastic elements of the model,
which are in series, and apply the PCA analysis on
the transformed data. The rationale for doing this
is that tongue muscles fibers can run through sev-
eral elastic element of the model (e.g. genioglossi and
longitudinalis). We should then compare the results
obtained after grouping with the results presented in
this paper.

A drawback of our study the fact that we perform
the fitting for each frame as if the tongue position
was static. In future work one should consider the
dynamical effects of moving the tongue tissue, as well
as gravity and palate reaction forces.

Finally we should stress the point that the A model
is highly tied to our work, even if the fitting proce-
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dure was purely geometrical, no muscle model being
involved. Indeed, we posited that the controlled vari-
ables are the length of the elastic elements (or muscle
fibers, in the case they are grouped), and we explicitly
relate tongue configuration to those muscle length,
which are homogeneous to the As.
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